To date, the existence of the plant inner membrane anion channel (PIMAC) has been shown only in potato mitochondria, but its physiological role remains unclear. In this study, by means of swelling experiments in K þ and ammonium salts, we characterize a PIMAC-like anion-conducting pathway in mitochondria from durum wheat (DWM), a monocotyledonous species phylogenetically far from potato. DWM were investigated since they possess a very active potassium channel (PmitoK ATP ), so implying a very active matching anion uniport pathway and, possibly, a coordinated function. As in potato mitochondria, the electrophoretic uptake of chloride and succinate was inhibited by matrix [H þ ], propranolol, and tributyltin, and was insensitive to Mg 2þ , N,N 0 -dicyclohexylcarbodiimide (DCCD) and mercurials, thus showing PIMAC's existence in DWM. PIMAC actively transports dicarboxylates, oxodicarboxylates, tricarboxylates and Pi. Interestingly, a novel mechanism of swelling in ammonium salts of isolated plant mitochondria is reported, based on electrophoretic anion uptake via PIMAC and ammonium uniport via PmitoK ATP . PIMAC is inhibited by physiological compounds, such as ATP and free fatty acids, by high electrical membrane potential (ÁÉ), but not by acylCoAs or reactive oxygen species. PIMAC was found to cooperate with dicarboxylate carrier by allowing succinate uptake that triggers succinate/malate exchange in isolated DWM. Similar results were obtained using mitochondria from the dicotyledonous species topinambur, so suggesting generalization of results. We propose that PIMAC is normally inactive in vivo due to ATP and ÁÉ inhibition, but activation may occur in mitochondria de-energized by PmitoK ATP (or other dissipative systems) to replace or integrate the operation of classical anion carriers.
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Introduction
The mitochondrial inner membrane was originally assumed to be generally impermeable to ions as a prerequisite for efficient chemiosmotic coupling, but it is now clear that a number of ion channels exist in animal and plant mitochondria showing specific ion selectivities and sensitivities to modulators (O'Rourke 2000) . As for the anion channels present in the inner membrane of mammalian mitochondria, it has been established by means of classical swelling experiments that heart and liver mitochondria contain a non-selective anion-conducting channel, known as the inner membrane anion channel (IMAC) (Garlid and Beavis 1986) . IMAC catalyzes the electrophoretic uniport of a wide variety of physiological and nonphysiological, singly and multicharged, anions including chloride, sulfate, ferricyanide, bicarbonate, Pi, succinate, malate, citrate, etc. This pathway is inhibited by both matrix H þ and divalent cations, such as Mg 2þ and Ca 2þ , the inhibition by Mg 2þ being also pH-dependent (Beavis and Powers 1989) . IMAC is normally closed or inactive due to regulation by matrix Mg 2þ and H þ , and it can be activated either by alkaline pH or by depletion of matrix divalent cations. IMAC is also reversibly inhibited by many cationic amphiphile drugs, such as propranolol (Beavis 1989a ); although it is not absolutely specific (e.g. it is a b-blocker and also inhibits the K þ /H þ antiporter), this drug, that possess a hydrophobic moiety composed of two rings, strongly inhibits IMAC (IC 50 ¼ 25 mM in rat liver mitochondria) by an interaction at a site located in the lipid bilayer (Beavis 1989a) . IMAC is irreversibly inhibited by the alkylating agent N,N 0 -dicyclohexylcarbodiimide (DCCD) (Warhurst et al. 1982) . IMAC activity is completely inhibited by triorganotins, one of the most potent being tributyltin (TBT) (Powers and Beavis 1991) , and sensitive to mercurials, which both directly inhibit the transport and modulate the inhibition by H þ , Mg 2þ and propranolol (Beavis 1989b) . IMAC is inhibited by palmitoyl-CoA (Halle-Smith et al. 1988) , but CoA and the physiological nucletotides NAD þ , NADH, NADP þ , NADPH and ATP have no effect on its activity (IMAC is able to transport ATP and AMP) (Powers et al. 1994) . Recently, it has been reported that non-esterified long-chain fatty acids increase chloride permeation of isolated rat liver mitochondria suspended in slightly alkaline medium (Scho¨nfeld et al. 2000 , Scho¨nfeld et al. 2001 , Scho¨nfeld et al. 2002 , Scho¨nfeld et al. 2003 ; it has been proposed that this increased anion permeability is due to the capability of fatty acids to activate IMAC by withdrawal of Mg 2þ from intrinsic binding sites (Scho¨nfeld et al. 2004 ). IMAC activity is highly temperature dependent; this sensitivity is dependent on an effect of temperature on the inhibition by both H þ (Liu et al. 1996) and Mg 2þ (Beavis and Powers 2004) . The physiological role of IMAC is still unclear. It has been suggested that IMAC, in conjunction with the K þ /H þ antiporter, is involved in mitochondrial volume homeostasis, thus allowing the respiratory chain proton pumps to drive salt efflux (Beavis 1992) . In recent years, other roles have been proposed: it may also be involved in the efflux of the superoxide anion (O 2 Á -), from mitochondria during ischemic pre-conditioning (Vanden Hoek et al. 1998) , and it may contribute to spontaneous synchronized oscillations of mitochondrial membrane potential in isolated cardiac myocytes (O'Rourke 2000) .
With respect to the IMAC counterpart in plant mitochondria, the information available is rather poor. This is despite the fact that the study of mitochondrial metabolite transport plays a crucial role in plant energy metabolism; in fact a rapid metabolite flux in and out of plant mitochondria is necessary for the maintenance of characteristic metabolic functions (photorespiration, nitrate assimilation, lipid-sugar transformation in germinating lipid-storing seeds) (Laloi 1999) . To date, the occurrence of an IMAC-like anion channel has been demonstrated only in potato tuber mitochondria by swelling assays (Beavis and Vercesi 1992) : such a channel, named PIMAC (plant inner membrane anion channel), has many of the characteristics of IMAC, such as the inhibition by propranolol (with an IC 50 equal to 14 mM, even higher than that of IMAC), TBT and matrix H þ , but differs in three important properties. Most significantly, the potato PIMAC does not appear to be blocked by matrix Mg 2þ ; it is also insensitive to inhibition by DCCD and mercurials. In tobacco, PIMAC was suggested to correspond to CLC-NT1, a putative chloride channel protein (Lurin et al. 2000) . The physiological role of PIMAC has not been well characterized.
Anion transport via PIMAC is believed to play an important role in volume homeostasis maintenance (Beavis and Vercesi 1992) . It was also suggested that in energized mitochondria, PIMAC may be involved in anion efflux out of the matrix, including the malate efflux in the operation of the malate/oxaloacetate shuttle (Beavis and Vercesi 1992) . This proposal is in accordance with that of Zoglowek et al. (1988) , who have suggested that both malate and oxaloacetate may be transported electrophoretically. Anyway, whether electrically coupled exchange may take place efficiently in the face of a large membrane potential remains to be demonstrated. On the other hand, the operation of a malate/oxaloacetate antiporter was shown in energized plant mitochondria (Pastore et al. 2003) .
It should be noted that plant mitochondria also possess a potassium channel that catalyzes the electrophoretic uniport of K þ into the matrix compartment. The existence of a potassium channel inhibited by ATP in plant mitochondria was first shown in durum wheat mitochondria (DWM) (PmitoK ATP ; Pastore et al. 1999a ); subsequently, an ATP-sensitive K þ channel has also been described in pea mitochondria (Petrussa et al. 2001 , Chiandussi et al. 2002 , Casolo et al. 2003 , Petrussa et al. 2004 , and very recently in mitochondria from embryogenic cultures of Picea abies (L.) Karst. and Abies cephalonica Loud (Petrussa et al. 2008a ) and from Arum spadix (Petrussa et al. 2008b ). However, a protein-mediated mitochondrial K þ uniport has been reported in many other plant species, including bread wheat, barley, spelt, rye, spinach (Pastore et al. 1999a) , potato (Pastore et al. 1999a , Ruy et al. 2004 , soybean (Casolo et al. 2005) , maize and tomato (Ruy et al. 2004 ). In the light of the simple observation that PIMAC and PmitoK ATP allow a matching ion transport, in this study, we have checked the idea that possible physiological roles of PIMAC should be sought by looking into the physiological roles of the PmitoK ATP . Similarly, plant mitochondria possess another powerful dissipative system, the plant uncoupling protein (PUCP) (Vercesi et al. 1995) , that may somehow affect PIMAC activity. To test these hypotheses, here we have investigated whether DWM, chosen in the light of the high PmitoK ATP and PUCP activities (Pastore et al. 1999a , Pastore et al. 2000 , also possess a channel similar to potato PIMAC. This preliminary investigation is worthwhile since durum wheat is a monocotyledonous plant species far from potato on a phylogenetic basis. Then, the specificity of the transport has been investigated by means of classical mitochondrial swelling assays in both K þ and ammonium salts of metabolically relevant anions. Finally, possible physiological modulators of the PIMAC, as well as possible PIMAC cooperation with classical energy-dependent carriers, have been tested. In order to generalize results obtained with DWM to other plant mitochondria, we have also verified the main results in Jerusalem artichoke (topinambur) mitochondria (JAM), topinambur being a dicotyledonous species.
Our results show that DWM and JAM possess a PIMAC very similar to that of potato mitochondria, able to transport Pi, dicarboxylates, oxodicarboxylates and tricarboxylates. Interestingly, the study of swelling in ammonium salts allows definition of a new mechanism of swelling in isolated plant mitochondria, based on electrophoretic ammonium uniport via PmitoK ATP compensated by anion uniport via PIMAC; therefore, classical interpretation based on ammonia diffusion accompanied by protoncompensated transport of Pi and its recycling around dicarboxylate carrier should be revised in these mitochondria. ATP and free fatty acids (FFAs) (but not acyl-CoAs) inhibit PIMAC as well as high electrical membrane potential (ÁÉ), while PIMAC is insensitive to reactive oxygen species (ROS). Interestingly, PIMAC was found to cooperate with dicarboxylate carrier by allowing succinate uptake that triggers the subsequent succinate/ malate exchange in isolated mitochondria. On the whole, the results are consistent with our working hypothesis, so PIMAC may enable metabolite movement when mitochondria generate low ÁÉ and low ATP. This may occur in nonenergized mitochondria isolated in vitro, as well as in the cell under either stress or spontaneous depolarization already described in vivo. Under these conditions, PIMAC may replace or integrate in the operation of classical anion carriers.
Results
In order to gain a first insight into the possible existence of a PIMAC-like anion channel in purified DWM, we studied chloride and succinate transport, the first being one of the anions most rapidly transported via PIMAC in potato tuber mitochondria (Beavis and Vercesi 1992 ) and the second a metabolically relevant anion. Chloride and succinate transport was studied by means of swelling experiments in iso-osmotic solutions of KCl and K 2 succinate, respectively.
PIMAC in DWM
DWM absorbance in 0.36 M sucrose solution was found to remain constant during the time of the experiment (Fig. 1 , traces a and a 0 ), thus demonstrating that DWM are intact; no swelling in sucrose solution was observed in the presence of the K þ ionophore valinomycin, so indicating that this compound does not affect DWM intactness. Conversely, a clearly evident swelling was observed when DWM were suspended in iso-osmotic solutions of KCl (trace b) and K 2 succinate (trace b 0 ), thus indicating that DWM are specifically permeable to K þ and to chloride and succinate. The swelling rate was found to increase greatly when 0.5 mg of valinomycin was either added in the course of the swelling or present in the reaction medium (traces b and c, b 0 and c 0 ). This indicates that the swelling rate in both KCl and K 2 succinate solutions in the absence of valinomycin depends on the rate of K þ uptake rather than chloride and succinate uptake. In this regard, we have recently demonstrated that K þ uniport in DWM is catalyzed by an ATP-sensitive K þ channel, named PmitoK ATP (Pastore et al. 1999a) . In contrast, when DWM were suspended in KCl and K 2 succinate solutions in the presence of valinomycin (traces c and c 0 ), a very high swelling rate was observed; it should be noted that a further increase of valinomycin concentration did not cause a further increase of swelling rate (not shown). This demonstrates that in the presence of 0.5 mg valinomycin, the rate-limiting step was chloride or succinate uptake and that the swelling rate is a measure of anion uptake.
As shown in Fig. 2A and B, propranolol and TBT were found to inhibit the swelling rate in both KCl and K 2 succinate solutions (plus valinomycin); the inhibition resulted in an increase with increasing concentrations, with strong inhibition at 1 mM propranolol and 3 mM TBT. When DWM were suspended in KCl and K 2 succinate solutions (plus valinomycin) at different pHs and in the presence of nigericin, an ionophore that promotes K þ /H þ exchange, so allowing the rapid equilibrium among external and internal pH, an evident increase in swelling rate was observed with increasing pH (Fig. 2C) : the rate measured in KCl and K 2 succinate solutions at pH 8 was about 1.9 and 2.5 times, respectively, that measured at pH 7.2. A less evident increase of swelling rate with increasing pH was measured in the absence of nigericin (Fig. 2D) , thus suggesting that chloride and succinate transport is activated by increasing both matrix and external pH, the matrix pH being more effective. Moreover, both chloride and succinate uptake by DWM was found to be insensitive to Mg 2þ , DCCD and the mercurials mersalyl and N-ethylmaleimide (NEM), at 20 mM, 1 mM, 1 mM and 500 mM, respectively, i.e. at concentrations which inhibit IMAC (Beavis 1992) . Preliminarily, a control was carried out to ensure that all the tested compounds at the reported concentrations had no effect on DWM intactness evaluated as maintenance of absorbance in sucrose solution. As a whole, the data show that in DWM both chloride and succinate uniport is mediated by a PIMAC functionally similar to that of potato.
In order to investigate DWM-PIMAC specificity, we compared the swelling rate in K þ (plus valinomycin) salts of chloride, of the dicarboxylates succinate and malate, of the oxodicarboxylates oxaloacetate and 2-oxoglutarate, of the tricarboxylates citrate and cis-aconitate, as well as of Pi. All the anions were found to be transported at a high rate and all the transport was strongly inhibited by propranolol (Table 1) , thus showing that DWM-PIMAC can mediate the electrophoretic transport of metabolically relevant anions. Pi can also be transported via PIMAC, but at a rate 3-to 3.5-fold lower with respect to the other anions.
This finding prompted us to reinvestigate the mechanism of classical swelling in NH 4 þ salt solutions to ascertain whether PIMAC may be somehow involved. Interestingly, DWM show a fast and large amplitude swelling in isoosmotic solution of NH 4 Cl (Fig. 3A, B) . The swelling rate is further increased by the protonophore (H þ ionophore) carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), either added in the course of the swelling or present in the reaction medium. This clearly excludes a NH 4 Cl influx due to a proton-compensated Cl -transport accompanying NH 3 diffusion across the inner membrane; on the contrary, it suggests the occurrence in these mitochondria of an electrophoretic uniport of both NH 4 þ and Cl -. Activation of the swelling rate due to 1 mM FCCP addition is the consequence of FCCP-stimulated NH 4 þ influx: in fact, FCCP, allowing H þ entry into the matrix, promotes NH 4 þ dissociation in H þ and NH 3 , that can freely and rapidly permeate the inner membrane (see Fig. 4 and Beavis 1992). Therefore, FCCP activation of DWM swelling in NH 4 Cl solution indicates NH 4 þ uptake as the rate-limiting step, so this swelling may be suitable to study the mechanism of NH 4 þ uptake. In this regard, the hypothesis of an involvement of PmitoK ATP in NH 4 þ uptake was tested, by evaluating the effect on DWM swelling in NH 4 Cl solution of inhibitors (ATP and NADH) and activators (mersalyl and palmitoyl-CoA) of PmitoK ATP (Pastore et al. 1999a ), using concentrations known to affect PmitoK ATP activity. The swelling was clearly inhibited by 1 mM ATP and even more so by 1 mM NADH (Fig. 3A) ; consistently, 5 mM palmitoyl-CoA and 500 mM mersalyl strongly activated the swelling (Fig. 3B ). In particular, ATP inhibition was observed in the presence of atractyloside, that inhibits ATP transport via ATP/ADP carrier, and of oligomycin, an inhibitor of ATP hydrolysis via ATP synthase, thus showing that ATP per se inhibits swelling at the outer side of the inner membrane. These results are consistent with the electrophoretic uptake of NH 4 þ via PmitoK ATP (Pastore et al. 1999a) . At the same time, a PIMAC-mediated electrophoretic Cl -uptake, accompanying NH 4 þ via PmitoK ATP , was evaluated. To do this, we studied the effect on swelling in NH 4 Cl solution of propranolol ( Fig. 3C, D ), used as a typical PIMAC inhibitor, and DCCD (Fig. 3D) , that affects the transport of many compounds, but not Cl -transport via PIMAC as reported above. Propranolol (1 mM) induced a 45% inhibition of the swelling rate (Fig. 3C) , that resulted in no further increase by 1 mM FCCP addition, so showing a PIMAC involvement in NH 4 Cl swelling. As expected, the inhibition by propranolol is much smaller compared with that shown in Fig. 2A : in fact, the rate of NH 4 Cl swelling is limited by NH 4 þ uptake (note the increase induced by FCCP) rather than Cl -transport (Fig. 3C, control) . In order to quantify accurately the inhibition exerted by propranolol and to verify the lack of inhibition by DCCD, in a parallel set of experiments we adopted experimental conditions making the rate of Cl -uptake limiting with respect to NH 4 þ uptake. This was accomplished by carrying out swelling in NH 4 Cl solution according to Selwyn assay (as reported in Beavis 1992) , by including in the reaction medium the uncoupler FCCP (10 mM) and by adopting alkaline conditions (pH 8.00) (Fig. 3D ). This swelling was strongly inhibited by propranolol [78 AE 8% (SD), in three different experiments] and insensitive to DCCD, thus demonstrating PIMAC as the Cl -transport pathway in NH 4 Cl swelling. Swelling of DWM was also observed in iso-osmotic (NH 4 ) 2 succinate solution, although slower than in NH 4 Cl (see the explanation in the text of Fig. 7 ). Strong activation by FCCP either added in the course of the swelling or present in the reaction medium (Fig. 5A, B) , as well as inhibition by ATP and NADH (Fig. 5A ) and activation by mersalyl and palmitoyl-CoA (Fig. 5B ) was observed, so demonstrating, also in this case, the occurrence of an electrophoretic NH 4 þ uptake via PmitoK ATP . To conserve parallelism between Cl -and succinate experiments, we also studied the effect of propranolol and DCCD on swelling in (NH 4 ) 2 succinate solution (Fig. 5C, D) . The experiments were carried out as in Fig. 3C and D, and gave the same results. In Fig. 5D , propranolol (1 mM) inhibition was (82 AE 9% SD in three different experiments). These results indicate PIMAC involvement also in (NH 4 ) 2 succinate swelling.
Surprisingly, DWM swelling in (NH 4 ) 2 succinate solution was insensitive to externally added Pi (strictly necessary to trigger the swelling in animal mitochondria) and to NEM, a known inhibitor of Pi carrier (Laloi 1999 , and references therein) ( Table 2) . DWM swelling in iso-osmotic solutions of NH 4 þ salt of malate, oxaloacetate, 2-oxoglutarate, citrate, cis-aconitate or Pi was also studied and compared with that of succinate (Table 2) enhanced by Pi or Pi/malate (generally supposed to be essential to trigger the swelling in the NH 4 þ salt of oxodicarboxylates and tricarboxylates). Swellings were activated by mersalyl in all the cases except oxaloacetate and Pi; this despite the fact that mersalyl is a well known inhibitor of dicarboxylate, tricarboxylate and Pi carriers (Douce 1985 , and references therein); FCCP also strongly increased swellings, with the exception of slow inhibition observed in the case of Pi. So, DWM swelling in NH 4 þ salt of dicarboxylates, oxodicarboxylates and tricarboxylates should occur via cooperation between PmitoK ATP and PIMAC, as reported in Fig. 4 . Different behavior was observed in the case of Pi: in fact, swelling in NH 4 Pi was found to be insensitive to mersalyl and NEM, but slight inhibition was observed in the presence of FCCP and when DWM were incubated for 5 min in the presence of NEM before swelling (see Table 2 footnote).
In order to identify physiological modulators of PIMAC activity and its possible physiological role, we evaluated the effect of FFAs and ATP, modulators of other ion-conducting pathway, such as PUCP (Pastore et al. 2000) and PmitoK ATP (Pastore et al. 1999a) . Several FFAs were found to inhibit chloride and succinate transport via PIMAC (Table 3) . At 10 mM concentration, higher inhibition was exerted by unsaturated FFAs (mainly oleic and linoleic acids), while the saturated FFAs were not active on succinate transport. Moreover, 10 mM linoleic acid (LA) inhibited oxaloacetate and citrate (55% in both cases), but not Pi transport (data not shown). A dose-dependent inhibition was observed when chloride and any more succinate uptake were inhibited by LA in the 5-20 mM range (Fig. 6A, B) . Inhibition by FFAs appears to be a particularity of PIMAC being the animal counterpart activated by FFAs (Scho¨nfeld et al. 2004) ; moreover, while palmitoyl-CoA is known to inhibit IMAC (Halle-Smith et al. 1988) , no inhibition of either chloride or succinate uptake by DWM-PIMAC was observed in the presence of 10 mM acyl-CoA esters of the FFAs reported in Table 3 and in the 5-30 mM range in the case of linoleoyl-CoA.
Interestingly, as shown in Fig. 6A 0 and B 0 , DWM swelling in both KCl and K 2 succinate solutions (plus valinomycin) was found to be inhibited by externally added ATP. In particular, in the 1-5 mM range, ATP induced a progressive (from 60 to 85%) inhibition of the swelling rate in K 2 succinate (B 0 ); swelling in KCl was also inhibited by 1-2 mM ATP (A 0 ). Unexpectedly, in KCl plus 3 mM ATP, a little swelling followed by mitochondrial shrinkage was observed and a further increase of ATP concentration up to 5 mM induced a clearly evident mitochondrial shrinkage; these findings will merit further investigation. We also tested sensitivity to ATP of Pi, oxaloacetate and citrate transport and observed that 5 mM ATP induced 45, 80 and 63% inhibition, respectively (data not shown). All measurements were carried out in the presence of oligomycin and atractyloside (see above), so the observed inhibition is probably exerted by ATP on the outer side of the inner membrane; moreover, differently from mammalian mitochondria, we observed that ATP is not transported by PIMAC (data not shown).
PmitoK ATP and PUCP may strongly affect ÁÉ in DWM (Pastore et al. 1999a , Pastore et al. 2000 ; so, in order to evaluate how ÁÉ influences PIMAC activity, we monitored ÁÉ generation and mitochondrial swelling simultaneously in iso-osmotic (NH 4 ) 2 succinate solution (Fig. 7) . When DWM were suspended in iso-osmotic sucrose solution in the presence of 5 mM Na-succinate, a high ÁÉ (180 mV) was generated due to succinate uptake and oxidation by the respiratory chain (Fig. 7A, trace a) . As expected, in (NH 4 ) 2 succinate solution, DWM were found to generate ÁÉ at a lower rate and extent (110 mV after about 3 min) (Fig. 7A, trace b) ; this is due to NH 4 þ uptake via PmitoK ATP which consumes ÁÉ. In both traces a and b of Fig. 7A , the addition of the uncoupler FCCP quickly collapses ÁÉ. No ÁÉ was generated by DWM in (NH 4 ) 2 succinate solution in the presence of KCN plus salicylhydroxamate (SHAM), inhibitors of the cytochrome oxidase and alternative oxidase (AOX), respectively, and FCCP that prevented ÁÉ generation (Fig. 7A, traces c and  d) . Swellings recorded simultaneously with ÁÉ measurements are reported in Fig. 7B . Interestingly, electrophoretic uptake of ammonium and succinate ions carries on with time, although a 110 mV ÁÉ was reached after 3 min as seen in Fig. 7A trace b, and electrical charges (negative inside) oppose succinate uptake. Prevention of ÁÉ generation by KCN/SHAM increases the swelling rate and extent, and a further increase was induced by FCCP that stimulates swelling both by preventing ÁÉ generation and by promoting ammonium uptake as reported in Fig. 4 . On the whole, ÁÉ inhibits PIMAC, but a relevant activity may still be observed at 110 mV. In the experiment reported in Fig. 8 , the possible cooperation between PIMAC and classical dicarboxylate carrier was investigated. Succinate transport was checked by monitoring the succinate/malate exchange in DWM, evaluated as malate appearance in the extramitochondrial phase. This was continuously measured by following the absorbance increase at 340 nm due to NADPH generated by the malate detecting system (MDS) (see Materials and Methods). Simultaneously, ÁÉ generation due to succinate addition to DWM was monitored (dotted line). Succinate (Na þ salt) addition to DWM generated in about 30 s a ÁÉ of 180 mV due to succinate uptake and oxidation; conversely, a malate efflux outside DWM was detected only after a lag phase of about 1 min (see the traces reported in the inset), i.e. when a high ÁÉ was already reached. No malate efflux occurred when 30 mM phenylsuccinate, an inhibitor of dicarboxylate carrier that cannot enter mitochondria (La Schoolwerth 1984, Fratianni et al. 2001) , was either added in the course of the reaction or was present in the reaction medium (Fig. 8, traces b and d,  respectively) . In trace b, the absorbance decrease induced by phenylsuccinate addition is probably due to NADPH oxidation by external NADPH dehydrogenase. When the PIMAC inhibitor propranolol was present in the reaction medium, a clearly evident inhibition of the rate of malate appearance (45%) was found (Fig. 8, trace c) . In contrast, if propranolol was added in the course of the reaction, only a slight inhibition of the malate efflux rate (515%) was observed (Fig. 8, trace a) . These results may be explained by a cooperation between PIMAC and dicarboxylate carrier.
PIMAC should mediate the initial uptake of succinate, that is not accompanied by malate efflux and occurs in conditions of low ÁÉ; in this regard, it should be noted that the reaction medium did not contain Pi in order to inhibit the possibility of a succinate/Pi exchange. Therefore, in this first phase, a PIMAC-dependent succinate accumulation inside mitochondria may occur, so triggering a second phase based on succinate/malate exchange due to dicarboxylate carrier (in trace c, lower succinate accumulation resulted in a lower exchange rate). In this second phase, PIMAC contribution to the transport is negligible, probably because of the high ÁÉ inhibition.
PIMAC in JAM
The main characteristics of DWM-PIMAC were also investigated in mitochondria isolated from tubers of topinambur (Jerusalem artichoke, Helianthus tuberosus L.), a dicotyledonous species very different from durum wheat. As shown in Fig. 9A and B, in JAM, chloride and succinate can be transported electrophoretically, as demonstrated by the large amplitude swellings measured in both KCl and K 2 succinate solutions (plus valinomycin). Propranolol (1 mM) strongly inhibited both chloride and succinate uptake (85 and 80%, respectively), so indicating the involvement of PIMAC in chloride and succinate transport. Both swellings were inhibited by ATP and LA. Once again, in the presence of high ATP concentration, a little swelling followed by mitochondrial shrinkage in KCl was observed (Fig. 9A) . Malate, oxaloacetate, 2-oxoglutarate, citrate, cisaconitate and Pi transport were also tested: they were found to be transported electrophoretically and the transport was inhibited by 1 mM propranolol about 85, 60, 60, 70, 45 and 60%, respectively. The sensitivity of JAM-PIMAC to ATP and LA was also investigated on oxaloacetate, citrate and Pi transport: inhibition by 5 mM ATP was found to be 80, 70 and 50%, respectively, while 10 mM LA inhibited oxaloacetate and citrate uptake (32 and 45%, respectively), Swelling experiments were carried out in the presence of valinomycin as reported in Fig. 1 . Measurements were carried out both in the absence and in the presence of 10 mM FFA. Inhibition was expressed as a percentage of the control rate. a Mean value AE SD (n ¼ 3).
but not Pi uptake. In JAM, PIMAC regulation by ÁÉ and cooperation between PIMAC and dicarboxylate carrier were found to be similar to those reported in Fig. 7 and 8 (data not shown). Taken together, these results show the existence of a JAM-PIMAC with almost the same properties as DWM-PIMAC.
In the light of ROS activation of PmitoK ATP (Pastore et al. 1999a ) and PUCP (Pastore et al. 2000 , Considine et al. 2003 , Paventi et al. 2006 ), a possible modulation of PIMAC by ROS was investigated in JAM. The effect of H 2 O 2 and O 2 Á -, generated in situ by the xanthine/xanthine oxidase system, was studied on chloride uptake, but no change in swelling rate was observed (Fig. 9C) , thus suggesting that ROS cannot modulate PIMAC.
Discussion
Although in the past the existence of an aniontranslocating pathway has been suggested in mitochondria from many different plant sources (Hanson and 1975, Hensley and Henson 1975, Zoglowek et al. 1988) , to the best of our knowledge, PIMAC activity has been detected, to date, by means of classical swelling assays, only in potato tuber mitochondria (Beavis and Vercesi 1992) . In this study, for the first time, PIMAC is shown to occur in a monocotyledonous species, such as durum wheat. The existence of PIMAC in DWM is demonstrated on the basis of the similarities of the electrophoretic chloride transport in durum wheat and potato tuber mitochondria with respect to the inhibition by propranolol, TBT and matrix H þ , and the insensitivity to Mg 2þ , mercurials and DCCD; PIMAC inhibition by propranolol, TBT and H þ are properties common to IMAC of mammalian mitochondria (Beavis 1992) , while the absence of inhibition by Mg 2þ , mercurials and DCCD are the most important differences from the animal counterpart. An important novelty of this study regards anion selectivity of PIMAC. In DWM and JAM, PIMAC can mediate the transport of metabolically relevant anions, including dicarboxylates, oxodicarboxylates, tricarboxylates and Pi, as demonstrated by the electrophoretic nature of the transport and the inhibition by propranolol.
In animal mitochondria, the most important physiological regulators of IMAC are matrix Mg 2þ and H þ (Beavis 1992) ; moreover, in the past, an inhibitory action on IMAC of palmitoyl-CoA was demonstrated in rat liver mitochondria (Halle-Smith et al. 1988 ) and, only recently, in the same mitochondria, the activation by non-esterified long-chain fatty acids has been shown (Scho¨nfeld et al. 2004) . In plant mitochondria, lacking the inhibition by Mg 2þ , the only known physiological mechanism of PIMAC modulation is the endogenous H þ inhibition (Beavis and Vercesi 1992) . Here, by using both DWM and JAM, the first physiological inhibitors of PIMAC were identified: ATP and FFAs. PIMAC was found to be strongly inhibited by ATP in a physiological concentration range, acting at the outer side of the inner membrane. To date, no information is available regarding the ATP sensitivity of the anion-conducting pathway in mammalian mitochondria (it is known that ATP is a substrate of IMAC), while, interestingly, in yeast mitochondria matrix ATP was found to regulate, with a different mechanism, two anion channels with different conductance Sorgato 1995, Ballarin and Sorgato 1996) .
As for FFAs, several unsaturated and, to a lesser extent, saturated FFAs inhibit PIMAC, while acylCoAs had no effect. Therefore, different regulation is observed with respect to rat liver mitochondria-IMAC (Halle-Smith et al. 1988 , Scho¨nfeld et al. 2004 , thus also suggesting possible different physiological roles. ROS had no effect on JAM-PIMAC, while JAM-PUCP was found to be strongly activated by ROS (Paventi et al. 2006) , as are PUCP and PmitoK ATP in other plant mitochondria (Pastore et al. 1999a , Pastore et al. 2000 , Considine et al. 2003 .
Since high mitochondrial ÁÉ (negative inside) opposes electrophoretic anion uptake, the effect of ÁÉ on PIMAC activity was evaluated. As expected, activity was promoted by complete collapse of ÁÉ, but, at a ÁÉ around 110 mV, anion uptake via PIMAC, although inhibited, was still clearly observed under our experimental conditions. Quantification of actual mitochondrial ÁÉ in living cells is very difficult, but it is probably not so high: in perfused rat heart, ÁÉ values ranging from 101 to 145 mV were determined under different experimental conditions (Wan et al. 1993) ; in fibroblasts and neuroblastoma cells ÁÉ values of 105 and 81 mV were measured (Kadenbach 2003) . Therefore, in in vitro experiments we showed PIMAC activity at a ÁÉ value that might resemble the physiological value, thus suggesting that in vivo also little ÁÉ oscillation may greatly affect PIMAC activity.
PIMAC function in plant mitochondria isolated in vitro
An important target of this study concerns the mechanism of mitochondrial swelling in iso-osmotic ammonium salt solutions of Pi, dicarboxylates, tricarboxylates and oxodicarboxylates. In DWM, activation by FCCP, sensitivity to modulators of PmitoK ATP and insensitivity to Succinate/malate exchange and ÁÉ generation due to succinate addition to DWM. Measurement were monitored simultaneously; succinate/malate exchange was studied as malate appearance in the extramitochondrial phase by measuring spectrophotometrically the NADPH absorbance increase at 340 nm, as reported in Materials and Methods. The MDS was added to a reaction medium containing 0.3 M mannitol, 5 mM MgCl 2 , 20 mM Tris-HCl (pH 7.20), and then the reaction was started by adding 5 mM Na-succinate. Traces a and b: 1 mM propranolol or 30 mM phenylsuccinate was added in the course of the reaction at the time indicated by the arrows, respectively. Traces c and d: 1 mM propranolol or 30 mM phenylsuccinate was already present in the reaction medium, respectively. Trace e (dotted line): ÁÉ measurements were carried out in 2 ml of the medium reported above, supplemented with 2.5 mM safranin O and 0.2 mg of DWM prot.; the reaction was started by the addition of 5 mM Na-succinate. Na þ was used to avoid depolarization induced by K þ via PmitoK ATP . In the inset, a detail of the traces a and e is reported.
Pi (or Pi plus malate) and NEM are inconsistent with the widely accepted mechanism that explains these swellings in intact mammalian/plant mitochondria by (i) NH 3 diffusion across the membrane; (ii) Pi influx in symport with H þ via Pi carrier; (iii) dicarboxylate entry in exchange with Pi by means of dicarboxylate transporter; and (iv) tricarboxylate or oxodicarboxylate entry in exchange with a dicarboxylate (Douce 1985, and references therein, Laloi 1999) . In contrast we show that these swellings should occur by electrophoretic anion uptake via PIMAC compensated by NH 4 þ uptake via PmitoK ATP (Fig. 4) . This finding is able to clarify some evidence obtained in the past by swelling experiments in ammonium salt solutions of other plant mitochondria (Wiskich 1974 , Zogloweck et al. 1988 ; in these studies the occurrence in plant mitochondria of an electrophoretic Pi-independent uptake of dicarboxylates and tricarboxylates was already suggested, but not explained, the existence of PIMAC and PmitoK ATP still being unknown. On the other hand, in DWM, both PIMAC and classical Pi carrier appear to contribute significantly to the overall rate of swelling in NH 4 Pi; therefore, it should be supposed that in different plant mitochondria, the contribution of the old and new mechanism should be dependent on the relative activity of PmitoK ATP , PIMAC and classical carriers.
Interestingly, PIMAC and classical energy-dependent carriers may cooperate with each other. In actively succinate respiring mitochondria, the succinate/malate exchange occurs by means of the specific dicarboxylate carrier. On the other hand, malate appearance outside mitochondria is sensitive to propranolol and shows a lag phase. This is in agreement with the proposal of an initial electrophoretic uptake of succinate via PIMAC at low ÁÉ. PIMAC functioning should allow succinate to accumulate inside mitochondria, with consequent oxidation and malate as well as ÁÉ generation; when the malate concentration becomes sufficiently high, the succinate/malate exchange may be activated via the dicarboxylate carrier. The existence of a first phase of substrate uptake followed by a second phase of exchange was already proposed as a general mechanism operating in several transport systems in mitochondria isolated in vitro , Di Martino et al. 2006 .
Hypothesis about PIMAC function in plant mitochondria in vivo
PIMAC is believed to contribute to volume homeostasis maintenance (Beavis and Vercesi 1992) and to be involved in anion efflux out of the matrix in energized mitochondria, including the malate efflux in the operation of the malate/oxaloacetate shuttle (Beavis and Vercesi 1992) . Anyway, our results suggest that in vivo, Fig. 9 Effect of propranolol, ATP, linoleic acid (LA), hydrogen peroxide and superoxide anion on JAM swelling in iso-osmotic solutions of K þ anions. Swelling of JAM (0.1 mg prot.) was carried out in the presence of valinomycin as reported in Fig. 1 , in KCl (A) and K 2 succinate (B) solutions in the absence and presence of 5 mM ATP, 20 mM LA or 1 mM propranolol, and in KCl solution (C) in the absence and presence of 0.5 mM H 2 O 2 or the superoxide aniongenerating system (Xan/XOX). Where indicated, the medium also contained 2 mg of oligomycin (Oligo) and 10 mM atractyloside (Atr). In (C), the absorbance in sucrose solution in the absence and presence of H 2 O 2 and Xan/XOX is also shown. No effect on sucrose absorbance was due to all the tested compounds.
in energized mitochondria, the anion efflux via PIMAC will be inhibited by ATP and anion influx by both ATP and high ÁÉ (although not so high as generally believed). In the light of these observations, PIMAC should play a role under conditions in which mitochondria are depolarized. Mitochondrial depolarization should not be so unusual in vivo; for example, in animal mitochondria, it has been demonstrated that, due to spontaneous opening and closure of permeability transition pore, mitochondria can sometimes be exposed to complete depolarization followed by ÁÉ recovery (Huser and Blatter 1999) .
In plant mitochondria, depolarization is even more likely to occur in the light of the presence of powerful energy-dissipating systems such as AOX, PmitoK ATP and PUCP. In particular, cooperation of AOX with external NAD(P)H dehydrogenases may promote an active non-phosphorylating pathway that may prevent protonmotive force generation and ATP synthesis in plant mitochondria (Møller 2001, and references therein, Pastore et al. 2001) . Moreover, it has been recently reported that PmitoK ATP and PUCP may be involved in cell adaptation to some abiotic stresses (e.g. drought and salt stress) that may induce oxidative stress at the mitochondrial level (Pastore et al. 2007 ). In osmotic-and salt stressed-DWM, ROS activate PmitoK ATP and PUCP activity. This causes an increase of electrophoretic K þ influx into the mitochondrial matrix as well as uncoupling by PUCP; as a consequence, a decrease of ÁÉ to control large-scale harmful ROS generation is observed according to a feedback mechanism (Trono et al. 2004 , Pastore et al. 2007 ). Furthermore, under the same osmotic and salt stress conditions, a stress intensity-dependent decrease of ATP synthesis was reported in DWM (Flagella et al. 2006) , as well as an increase of FFAs that activate PUCP ) and some increase of ROS (Trono et al. 2004 ) that may impair classical anion carriers (Pastore et al. 2002) .
On the whole, old and new data suggest that under stress the lowering of ÁÉ and ATP may activate PIMAC, while an increase of FFAs may put a brake on excess activation; simultaneously, a decrease of the protonmotive force and an increase of ROS may contribute to shift anion transport from energy-dependent (and ROSsensitive) anion carriers toward electrophoretic anion transport via PIMAC.
In general, we propose that when mitochondria are somehow de-energized displaying low ÁÉ and ATP synthesis, PIMAC may allow, alone or in cooperation with the anion carriers, the rapid exchange of metabolites between mitochondria and other organelles that is fundamental for the maintenance of efficient plant mitochondria function (Fig. 10 ).
Materials and Methods

Chemicals and plant materials
All reagents at the highest purity commercially available were purchased from Sigma Chemical Co. (St Louis, MO, USA). All solutions were adjusted to the desired pH with Tris or HCl. Substrates were used as Tris salts at pH 7.20. FCCP, valinomycin, nigericin, oligomycin, linoleate and other FFAs were dissolved in ethanol; DCCD was dissolved in dimethylsulfoxide.
Certified seeds of durum wheat (Triticum durum Desf., cv Ofanto) and tubers of Jerusalem artichoke (Helianthus tuberosus L.) were kindly supplied from the Cereal Research Centre (Foggia, Italy).
DWM and JAM isolation
DWM were purified from 72-h-old etiolated seedlings, as reported in Pastore et al. (1999b) Purified DWM and isolated JAM showed 95% intactness of the inner membrane, and 90 and 93% intactness of the outer membrane, respectively (Pastore et al. 1999b , Paventi et al. 2006 . The intactness of inner and outer mitochondrial membranes was determined as in Douce et al. (1987) . Both DWM and JAM proved to be tightly coupled: using 10 mM 2-oxoglutarate as a substrate, DWM show respiratory control and ADP/O ratios equal to 6.7 AE 1.4 and 3.6 AE 0.15 (n ¼ 4), respectively (Pastore et al. 1999b ); using 5 mM succinate as a substrate, JAM show respiratory control and ADP/O ratios equal to 2.6 AE 0.24 and 2.0 AE 0.1 (n ¼ 5), respectively (Paventi et al. 2006) . Oxygen uptake was measured at 258C by means of a GILSON Oxygraph model 5/6-servo Channel pH 5, equipped with a Clark-type electrode (5331 YSI, Yellow Spring, OH, USA), in a medium consisting of 0.3 M mannitol, 5 mM MgCl 2 , 10 mM KCl, 0.1% (w/v) defatted BSA and 10 mM potassium Pi buffer (pH 7.20).
DWM and JAM protein content was determined by the method of Lowry modified according to Harris (1987) , using BSA as a standard.
Swelling experiments
Swelling experiments were performed as described by Pastore et al. (1999a) . Absorbance changes at 546 nm of a DWM or JAM suspension (0.05 mg ml -1 ) in different iso-osmotic media were monitored at 258C as a function of time by means of a Perkin Elmer 18 UV/VIS spectrometer (Perkin Elmer, Wellesley, MA, USA). The iso-osmotic solutions (2 ml), buffered with 20 mM TrisHCl (pH 7.20), contained: (i) sucrose; or (ii) K þ or NH 4 þ salts of the following anions: chloride, succinate, malate, oxaloacetate, 2-oxoglutarate, citrate, cis-aconitate and Pi. Swelling experiments in K þ salts were performed in the presence of valinomycin, a specific ionophore that allows K þ permeability across the inner mitochondrial membrane. In preliminary experiments in K þ salts we verified that anion uptake became the limiting step of the swelling rate, when 5 mg mg -1 prot. valinomycin or higher concentrations were used. Thus, the swelling rate in K þ salt solutions in the presence of 5 mg mg -1 prot. valinomycin depends on the rate of anion uptake.
Fluorimetric measurements of electrical membrane potential (ÁÉ) changes
The fluorescent probe safranin O was used to estimate ÁÉ changes, as reported by Moore and Bonner (1982) . Safranin fluorescence changes ( ex ¼ 520 nm, em ¼ 570 nm) were monitored at 258C by means of a Perkin-Elmer LS-50B spectrofluorimeter. Measurements were carried out in 2 ml of an iso-osmotic solution consisting of 20 mM Tris-HCl (pH 7.20), 2.5 mM safranin O and either (NH 4 ) 2 succinate or sucrose plus 5 mM Na-succinate; the reaction was started by the addition of 0.1 mg ml -1 DWM prot. ([safranin O]/[DWM prot.] ratio value of 25). In another set of experiments, measurements were carried out in 2 ml of a medium consisting of 0.3 M mannitol, 5 mM MgCl 2 , 20 mM Tris-HCl (pH 7.20), 2.5 mM safranin O and 0.1 mg ml -1 DWM prot.; the reaction was started by the addition of 5 mM Na-succinate.
Calibration of ÁÉ as a function of safranin O fluorescence decrease in DWM was carried out by using safranin O response as a function of K þ diffusion potential in rat liver mitochondria as reported by Zottini et al. (1993) . Rat liver mitochondria were isolated according to Pastore et al. (1994) ; the K þ diffusion potential in rat liver mitochondria was induced by the addition of 0.05 mg ml -1 valinomycin (Å kerman and Wikstro¨m, 1976) .
Spectrophotometric measurements of succinate/malate exchange
The succinate/malate exchange was monitored essentially as in Atlante et al. (1998) and Fratianni et al. (2001) , by measuring the rate of malate appearance in the extramitochondrial phase due to succinate addition to DWM. This was done by monitoring Fig. 10 Mitochondrial uptake of Pi, dicarboxylates (Dic) and tricarboxylates (Tric) in conditions of high or low ÁÉ and ATP. (A) Under conditions in which high ÁÉ is generated by the respiratory chain and ATP is synthesized at a high rate, PIMAC is inactive due to ATP inhibition and ÁÉ regulation; metabolically relevant anions are transported by the specific energy-dependent carriers [in the figure, Pi, Dic and Tric carriers are reported, but it should be noted that the existence of a Dic-Tric carrier protein has also been suggested in plant mitochondria (Picault et al. 2002) ]. (B) When ÁÉ is lowered by the functioning of AOX, PmitoK ATP or PUCP and ATP synthesis is limited, anion transport can be mediated by PIMAC. This may occur under some stress conditions. PiC, Pi carrier; DTP, dicarboxylate transport protein; CTP, citrate transport protein or tricarboxylate transporter (Laloi 1999) ; PIMAC, plant inner membrane anion channel; ANT, adenine nucleotide translocator; PUCP, plant uncoupling protein; FFAs, free fatty acids; PmitoK ATP , plant mitochondrial ATP-dependent K þ channel; AOX, alternative oxidase; SH 2 , reduced substrates; S, oxidized substrates; i.m.m., inner mitochondrial membrane.
spectrophotometrically the absorbance increase at 340 nm due to NADPH (" 340 ¼ 6.22 mM -1 cm -1 ) generated by the MDS consisting of 0.4 mM NADP þ and 0.2 EU malic enzyme (EC 1.1.1.40) from chicken liver (Sigma M-5257), previously dialyzed against 100 mM . DWM (0.2 mg prot.) were incubated at 258C in 2 ml of a medium containing 0.3 M mannitol, 5 mM MgCl 2 , 20 mM Tris-HCl (pH 7.20). Then MDS was added to the reaction medium and the reaction was started by adding 5 mM Nasuccinate.
O 2 Á -production O 2 Á -was generated as described in Pastore et al. (1999a Pastore et al. ( , 2000 , by a system consisting of 0.1 mM xanthine (Xan) plus the amount of xanthine oxidase (XOX) (xanthine: oxygen oxidoreductase, EC 1.1.3.22) from buttermilk (Sigma X-4376) required to generate O 2 Á -at an initial rate of 20 nmol min -1 (usually about 100-200 mg). The rate of O 2 Á -generation was determined oxygraphically by measuring the rate of oxygen consumption due to xanthine oxidase reaction at 258C in 1 ml of a medium consisting of 0.3 M mannitol, 5 mM MgCl 2 , 20 mM Tris-HCl (pH 7.20).
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